Nd ratios in seawater at three different locations (BATS 15 m, BATS 2000 m, SAFe 3000 m), with an overall agreement within 47 to 57 ppm (2s standard deviation of the mean). A similar agreement was found for analyses of an unknown pure Nd standard solution carried out by 13 laboratories (56 ppm), indicating that mass spectrometry is the main variable in achieving accurate and precise Nd isotope ratios. Overall, this result is very satisfactory, as the achieved precision is a factor of 40 better than the range of Nd isotopic compositions observed in the global ocean. Intercalibration for dissolved rare earth element concentrations (REEs) by six laboratories for two water depths at BATS yielded a reproducibility of 15% or better for all REE except Ce, which seems to be the most blank-sensitive REE. Neodymium concentrations from 12 laboratories show an agreement within 9%, reflecting the best currently possible reproducibility. Results for Nd isotopic compositions and REE concentrations on marine particles are inconclusive, and should be revisited in the future.
The neodymium isotopic composition of seawater has been of interest to the scientific community for more than three decades. The feasibility to directly measure Nd isotopes in seawater was first demonstrated by Piepgras et al. (1979) . It was these measurements, alongside indirect studies of seawater Nd isotopes based on fish debris (DePaolo and Wasserburg 1977) and ferromanganese nodules (O'Nions et al. 1978 ) from which the picture emerged that the 143 Nd/ 144 Nd isotope ratio in the different ocean basins is closely coupled to that of the surrounding continents. The provinciality between different ocean basins implied by the early data (see also Piepgras and Wasserburg 1980) has been verified and refined in many studies since, and points to a residence time of Nd in seawater on the order of, or shorter than, the global turnover time of the ocean (500-1000 y; Tachikawa et al. 2003) . The lowest values for dissolved Nd isotopes are observed around the old cratons in the North Atlantic (Stordal and Wasserburg 1986) , while the highest values are found next to young volcanic areas in the Pacific (Piepgras and Jacobsen 1988; Vance et al. 2004) , yielding an overall range in the global ocean of more than 20 epsilon units ( Nd ratio from the "CHondritic Uniform Reservoir" value in parts per 10000; CHUR = 0.512638; Jacobsen and Wasserburg 1980) . However, uncertainties remain when trying to exploit dissolved Nd isotopes as a tracer for water mass mixing (Goldstein and Hemming 2003) , or as a tracer for continental inputs and exchange with the ocean margins (Lacan and Jeandel 2005) . Our current understanding of sources, sinks, and especially of the internal cycling of Nd in the ocean is relatively poor, mainly due to a scarce number of observations. As of today, only ~700 measurements on dissolved Nd isotopes are published from the global ocean, more than a quarter of which are surface water samples. Furthermore, the geographic spread of sampling locations is very poor with ~ 50% of all depth profiles being located in the North Atlantic and the North Pacific Ocean.
The international GEOTRACES program is bound to improve this situation, as its three research objectives are defined as follows (GEOTRACES Science Plan 2006):
(1) To determine global ocean distributions of selected trace elements and isotopes (TEIs), including their concentration, chemical speciation, and physical form, and to evaluate the sources, sinks, and internal cycling of these species to characterize more completely the physical, chemical, and biological processes regulating their distributions;
(2) To understand the processes involved in oceanic traceelement cycles sufficiently well that the response of these cycles to global change can be predicted, and their impact on the carbon cycle and climate understood; and (3) To understand the processes that control the concentrations of geochemical species used for proxies of the past environment, both in the water column and in the substrates that reflect the water column.
A set of 'key TEIs' (Trace Elements and Isotopes; among them dissolved Nd isotopes) considered central to these broader goals of GEOTRACES were identified and have to be measured on every GEOTRACES cruise (GEOTRACES Science Plan 2006) . Before the start of the major field program, a phase of intercalibration activities was launched for a number of TEIs, including all 'key TEIs'.
No international intercalibration has ever been carried out for Nd isotopes -neither for seawater, nor in hard rocks. The hard rock community could overcome this problem by analyses of readily available USGS reference materials (e.g., BCR-1 and 2, BHVO-1 and 2, AGV-1 and 2, G-2, GSP-2; see Weis et al. 2006 for a recent example). No reference material however is available that resembles the matrix of seawater and requires analytical procedures to extract small abundances of REE from a large volume of sample. Here we report the results on the GEOTRACES intercalibration efforts for dissolved Nd isotopes, which include a total of 15 participating laboratories, some of which have a long-standing history of seawater Nd isotope measurements, and some of which are relatively new to the field.
Although not one of the key parameters of the GEOTRACES program, the REE concentrations in seawater have been historically used by a large number of laboratories to decipher lateral and vertical processes in the water column as well as water mass provenance (e.g., Elderfield and Greaves 1982; Piepgras and Jacobsen 1992; Alibo and Nozaki 1999) . We therefore used the opportunity offered by the Nd isotope study to gather intercalibration data on dissolved rare earth element concentrations (REEs), as well as Nd isotopic compositions and REE concentrations from marine particles.
Our goal was to assess the precision and accuracy possible for dissolved and particulate Nd isotopes (and REEs). Following documentation and assessment of the data, we will present some recommendations to achieve precise and accurate results on future GEOTRACES cruises. This article is accompanied by a second article that takes a closer look at the seagoing side of achieving accurate and precise results for dissolved and particulate Nd isotopes and REE, by presenting results on systematic tests on different materials and methods involved (Pahnke et al. 2012) . The second article also presents the first GEOTRACES baseline profiles for Nd isotopes (and REEs) for the Bermuda Atlantic Time-Series Station (BATS) in the NW Atlantic Ocean and the SAFe station (Sampling and Analysis of Fe) in the Pacific Ocean.
Materials and procedures

Shipboard sampling of seawater and particles
Samples used during this intercalibration exercise were collected on two GEOTRACES intercalibration cruises, carried out on the R/V Knorr in June-July 2008 in the Atlantic Ocean (Bermuda-Norfolk, , and in May 2009 in the Pacific Ocean (Honolulu-San Diego, . The two cruises were chosen to sample fundamentally different water masses and biogeochemical regimes and to occupy previously well characterized time-series stations in the Atlantic Ocean (BATS) and the Pacific Ocean (SAFe).
For intercalibration of Nd isotopes and REE concentrations, both dissolved and particulate samples were collected. For dissolved samples, large volumes of filtered and homogenized seawater were collected from three different locations: BATS deep water (2000 m), BATS sub-surface water (15 m), and SAFe deep water (3000 m). Deep water samples were collected using multiple casts of the trace metal clean GEOTRACES rosette deployed on a Kevlar hydroline, whereas sub-surface water was collected using the UCSC designed "GeoFish" towed sampling system. Filtration of seawater was carried out using 0.2 µm Osmonics cartridge filters in a portable clean van environment. Water from the same water depth was transferred through Teflon tubing into two interconnected 500 L tanks made of fluorinated low density polyethylene, which were homogenized using an all PFA Teflon diaphragm pump (UCSC SAFe tanks). Homogenized 500-1000 L of seawater were acidified to pH < 2 using ultrapure Seastar HCl. Individual sample containers ranged from 0.5 L to 20 L, and were provided and precleaned by the individual intercalibration participants. Overall, most laboratories received 2 ¥ 10 L seawater from each of the three locations for duplicate analyses of Nd isotopes, and 0.5 L of seawater for REE concentration measurements. Filling of individual sample containers was performed directly from the SAFe tanks under a tent on deck the R/V Knorr.
Particle samples were derived from the three following locations: BATS deep water (2000 m), BATS sub-surface water (30 m), and Virgina slope water (98 m). Two complementary pumping systems were deployed for Nd isotope and REE intercalibration purposes: McLane pumps (deep water location at BATS), and MULVFS (Multiple Unit Large Volume Filtration System; other two location) (Maiti et al. 2012; Bishop et al. 2008) . Using the McLane pumps, about 600 L seawater were pumped through each 0.45 µm Supor filter (142 mm diameter). Filters were dried onboard in a dedicated clean environment, and cut into halves using a PVC template fitted with a ceramic knife (pie-cutter). Each laboratory participating in the Nd isotope intercalibration was provided half of a filter and half of a corresponding dipped blank. For REE intercalibration, 2 cm punches, corresponding to ~20 L pumped seawater, were taken out of a few of the filter halves for REE measurements (e.g., some of the isotope laboratories received slightly smaller samples). Larger water volumes (>1000 L) were pumped with the MULVFS system, equipped with large quartz fiber filters (QMA; 506.7 cm 2 area, 1 µm pore size). Four 4.5 cm punches were taken out of the filters for Nd isotope samples, representing ~380 L pumped water volume, accompanied by two 2.5 cm punches from dipped blanks. For REE measurements, four 1.2 cm punches (~27 L pumped water volume) were collected from dried filters together with two 1.2 cm punches from dipped blanks. All filters were stored and shipped in precleaned containers.
Shore-based methods to determine dissolved and particulate Nd isotopic compositions and REE concentrations
As this article documents the first intercalibration effort for Nd isotopes (and REE concentrations) in seawater and marine particles, no particular analytical method was prescribed. This approach allowed a variety of routine procedures to be compared (e.g., different sample preconcentration, ion chromatography, and mass spectrometry procedures). Below we briefly summarize the main differences in the analytical methods applied. Methodological information for each anonymized laboratory can be found in Tables 1a and 1b .
Neodymium isotope measurements in seawater samples
To preconcentrate Nd from the seawater matrix most laboratories performed a Fe coprecipitation step, where Fe is added to seawater, most typically as FeCl 3 and equilibrated for 24-48 h. A subsequent increase to a pH of ~8, using ultraclean 236 van de Flierdt et al. Seawater Nd Isotopes: Intercalibration ammonium hydroxide leads to the formation of iron hydroxides, which in turn, efficiently scavenge rare earth elements out of the seawater solution (e.g., Piepgras and Wasserburg 1987) . Depending on the laboratory, between 1 and 25 mg purified Fe are added per liter of seawater. Purification of Fe is typically carried out by isopropyl ether back-extraction (Dodson et al. 1936) , or by ion exchange chromatography. Lack of careful purification has been reported as the most likely candidate to introduce a significant procedural blank (e.g., a few hundred picograms; see Table 1a ). A few laboratories choose to concentrate Nd from the seawater matrix by liquid-liquid extraction, pumping 10 L seawater aliquots, adjusted to a pH of ~3.5, through two coupled Sep-Pack C18 cartridges, each filled with 300 mg of a mixture of 65% bis(2-ethylhexyl) hydrogen phosphate (HDEHP) and 35% 2-ethylhexyl dihydrogen phosphate (H 2 MEHP), at a speed of 20 mL/min (Sha- ) < 300 pg * blank of Fe solution, which was measured for its isotopic composition and would imply a correction of 0.02 to 0.1 epsilon units, which the lab refrained from applying; remaining analytical blank (chemistry and mass spectrometry): 30pg a method used for intercalibration samples from BATS b method used for intercalibration samples from SaFE c column chemistry and loading blank d total procedural blank derived from pumping 10L ultraclean water through two cartridges and subtracting the water blank ND = not determined; NA = not applicable Table 1a ). Barium was subsequently eluted from the cartridges using 5 mL 0.01M HCl and the REE were collected in 35 mL 6M HCl. Following preconcentration of Nd, chemical separation of Nd from the sample matrix is required to minimize possible interferences during subsequent analyses by mass spectrometry. Dependent on the column set up, high Fe concentrations in initial sample solutions can be a problem. Hence, a few laboratories reduced the amount of Fe in an initial step by standard anion exchange chromatography (e.g., Hooker et al. 1975) , isopropyl ether back extraction (Dodson et al. 1936) , or Fe reduction through the use of ascorbic acid. Most laboratories however applied a two-step ion chromatography, with a first column to separate REE from the sample matrix, and a second column to separate REEs from each other (see Table 1a ). For the first column, the standard cation exchange procedure using elution with HCl of increasing molarities (e.g., White and Patchett 1984) is the most frequent choice (note: some laboratories use an initial step of eluting some of the sample matrix with HNO 3 before switching over to HCl). The more recently developed Eichrom ion exchange resins, TRU Spec and RE Spec, and elution using HNO 3 and HCl in succession (e.g., Pin and Zalduegui 1997) were used by a number of laboratories. The second column is either based on cation exchange chromatography with a-hydroxyisobutyric acid (a-HIBA) to sequentially elute the various REEs from heavy to light (e.g., Eugster et al. 1970; Lugmair et al. 1975) , or a reversed-phase chromatography using beads coated with HDEHP [di(2-ethylhexyl)orthophosphoric acid] (Richard et al. 1976 ) to sequentially elute the REE from light to heavy. Over the past years the latter has been increasingly replaced by Eichrom's Ln Spec resin (Pin and Zalduegui 1997 
, is the ability to return high precision data on small abundance samples (e.g., Li et al. 2007; Chu et al. 2009; Harvey and Baxter 2009) . Extensive literature exists on appropriate measurement setups, especially on eliminating the relatively large mass discrimination effect observed for measurements by MC-ICP-MS (e.g., Vance and Thirlwall 2002; Wombacher and Rehkämper 2003) and on carrying out the numerous oxide interference corrections and using the appropriate oxygen isotopic composition during TIMS measurements (e.g., Thirlwall 1991a Thirlwall , 1991b 
Neodymium isotope measurements in marine particles
The main difference in processing marine particles for their Nd isotopic composition, compared with seawater samples, is the initial sample dissolution step. As different digestion and leaching methods of filters are likely to result in varying amounts of REE being removed from the particles on the filters, two methods were prescribed for the particle samples from deep waters at BATS and shallow water at BATS, respectively. For the Supor filters (deep water particles at BATS), a total digest of the filter was targeted by following the method used by Cullen and Sherrell (1999) . Briefly, filters were placed in precleaned Teflon vials together with a mixture of concentrated HNO 3 and concentrated HF (19:1). Complete digestion of any particles was achieved by refluxing at 120°C for 4 h. This procedure also leads to a total digestion of the Supor filter, which however does not constitute a major blank issue (see "Assessment and discussion of results" below). One laboratory deviated from this procedure and instead followed a digestion method adapted from Landing and Lewis (1991) that avoids total digestion of the filter material (Table 5) . The large blank of quartz fiber filters (QMA) in contrast precludes total digestion, and the approach chosen targets a leaching of the REE fraction not bound to the silicate phases (Collier and Edmond 1984) . As described in Jeandel et al. (1995) , samples were leached in 0.6M HCl at 60°C for 20 h. For the third set of filters from the Virginia slope station, individual laboratories were free to choose a different method. The only deviation from above outlined methods for samples from the Virginia slope station was performed however by laboratory number 2, where QMA filters were leached for 3.5 h at 90°C in a mixture of 0.005M hydroxylamine hydrochloride, 1.5% acetic acid, and 2 nM EDTA solution (pH of 3.5), with an ultrasonification step performed every hour.
Rare earth element concentration measurements in seawater samples
In general, the procedure for determining REE concentrations on seawater samples can follow a similar methodology to the one described above for the first steps in determining the Nd isotopic composition. Most laboratories use Fe coprecipitation or liquid-liquid extraction to preconcentrate the REE, followed by ion exchange chromatography to separate the REE fraction from the sample matrix (typically anion exchange or RE Spec; Table 1b ).
The major difference between isotope and concentrations measurements is the smaller water volume required for concentration analyses (between 4 mL and 600 mL; Table 1b), and the addition of an isotopically enriched tracer ("spike") before preconcentration. This addition is crucial to correct for elemental fractionation, which may happen during preconcentration and/or ion chromatography. The types of spikes used for this intercalibration exercise include multi-element mixed REE isotope spikes, two-element isotope spikes, and the addition of monoisotopic elements (Table 1b) . Traditionally, REE concentrations were analyzed by isotope dilution methods and TIMS (e.g., Elderfield and Greaves 1982) , but for this intercalibration, REE patterns were mostly analyzed by ICP-MS (Agilent 7500, Element 2, HP-4500, Perkin Elmer Elan DRCII, Yokogawa PMS-2000). Five laboratories report results for Nd concentrations only, which in three cases, were determined on the same large volume sample used for isotopic analyses through spiking before coprecipitation. In these cases, measurements were performed by TIMS/MC-ICP-MS.
Notably, one laboratory (nr 1) used the seaFAST system, a commercially available system (Elemental Scientific) with a column containing a resin with ethylendiaminetriacetic acid and iminodiacetic acid functional groups to preconcentrate REEs. This system can be directly connected to an ICP-MS, and blanks, standards, and samples are passed through the column in the same manner, and eluted directly into the spray chamber of the ICP-MS.
Rare earth element concentration measurements in marine particles
Rare earth element concentrations of marine particles were attempted by four laboratories. Partial return of data, as well as some deviation from recommended methodologies, yielded a poor statistical basis for assessing the results. We, therefore, refrain from reporting the actual values in the article, but will make some qualitative comments on the results in the next sections to encourage and guide future efforts.
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Assessment and discussion of results
Neodymium isotope intercalibration in seawater at BATS and SAFe
To achieve comparability of results, all measured 143 Nd/
144
Nd ratios have been normalized relative to a JNd i ratio of 0.512115 (Tanaka et al. 2000) or a La Jolla ratio of 0.511858 (Lugmair et al. 1983 ) using standard values reported by each laboratory (see caption of Table 2 ). For laboratories that routinely use other in-house standards than the ones listed above, their reported cross-calibration for their respective standards relative to JNd i /La Jolla was used. Figs. 1 and 2 and Tables 2  and 3 show the results for the Nd isotopic composition of seawater at three distinct water depths at BATS and SAFe as measured by 15 different laboratories. Sub-surface water at BATS yielded an average Nd isotopic composition of -9.2 ± 0.6, deep water at BATS a value of -13.1 ± 0.6, and the average Nd isotopic composition of deep water at SAFe is -3.2 ± 0.5 (errors: two sigma standard deviations of the mean). Interpretation of the results concerning comparability to published literature values can be found in the accompanying paper by Pahnke et al. (2012) . Here we focus on assessing the agreement achieved between the different laboratories (i.e., reproducibility; reproducibility is here defined as the two sigma standard deviation of the mean of all individual data points considered for a given location).
The reproducibility for the three sample sets is found to be between 47 and 57 ppm. Considering that the external two sigma standard deviation reported by each laboratory for Starting with the first point, a simple exercise was undertaken to constrain whether the spread in data observed in Figs. 1 and 2 is an artifact of incomplete matrix removal from natural samples during ion chromatography, and subsequent mass spectrometry, or whether the spread in 143 Nd/
Nd ratios arises from the analyses themselves (i.e., different methods applied during mass spectrometry yielding different degrees of accuracy and precision). at BATS (NW Atlantic). Results display good agreement of the international community (15 individual laboratories) on measuring the Nd isotopic composition of seawater (i.e., values agree within 57 ppm; two sigma standard deviation of the mean). Details on samples and laboratories are given in Tables 1a and 2 . Errors plotted are external two sigma standard deviations reported by each laboratory (based on repeat analyses of isotopic standards; see Table 2 caption), or internal two sigma standard error, depending on which error was the larger one.
Fig. 2. Dissolved neodymium isotopic composition at 3 km water depth
at SAFe (NE Pacific). Results display good agreement of the international community (8 individual laboratories) on measuring the Nd isotopic composition of seawater (i.e., all values agree within 47 ppm; two sigma standard deviation of the mean). Details on samples and laboratories are given in Tables 1a and 3 . Errors plotted are external two sigma standard deviations reported by each laboratory (based on repeat analyses of isotopic standards; see (Table 4) , which is similar to the range reported by individual laboratories on La Jolla, JNd i , and other in house standard runs (Tables 2,3 ; 6-100 ppm). Detailed comparison shows that some laboratories may underestimate their external errors, whereas others report rather conservative errors. Hence, it can be concluded that the major variable in obtaining good agreement for Nd isotopic measurements between different laboratories is mass spectrometry. Although very different preconcentration methods and ion chromatographic protocols are used by the different laboratories (see Table 1a ), these parts of the methodology do not seem to add significantly to the uncertainty of the final results. What has a larger effect, however, on the precision possible during mass spectrometry is the concentration of Nd analyzed (i.e., counting statistics). Analyses of 15 ng loads by TIMS typically produce more precise results than 15 ppb runs by MC-ICP-MS, an outcome that is expected due to the higher transmission efficiency of TIMS analyses, especially when performed as NdO + (e.g., Li et al. 2007; Chu et al. 2009; Harvey and Baxter 2009 * 143 Nd/ 144 Nd ratios were normalized using the reported standard data for each lab, relative to a JNdi value of 0.512115 (Tanaka et al., 2000) or a La Jolla value of 0.511858 (Lugmair et al., 1983) . † "Nd values were calculated relative to a CHUR of 0.512638 (Jacobsen and Wasserburg, 1980) . ‡ external errors are derived from repeat standard analyses during the measurement session; if internal errors are larger than external errors, these are plotted in Figure 1 .
! sample was flagged as contaminated by the lab and is not included in the calculated average and not shown in Figure 1 . $ lab reported that error bars were larger than usual, and speculated that their new Fe solution was not sufficiently clean. $1 lab reported sample loss during preconcentration. a sensitive MC-ICP-MS (e.g., a set-up that yields large ion beams even for small abundances of Nd; see Fig. 3 and Table 4 ). The two laboratories that stand out in Fig. 3 with the largest data spread (numbers 7 and 10), both report results from MC-ICP-MS runs where machine sensitivity hampered a better reproducibility on 15 ppb solutions. In general, a combination of time-resolved analyses, which allows acquisition of isotopic ratios at a faster speed and optimized sample solution concentration to achieve the largest possible Nd beam can potentially improve results (i.e., individual laboratories were requested to run the original 15 ppb solutions).
Returning to the individual results on the Nd isotopic composition of seawater at BATS ( Fig. 1; point (2) above) , the agreement between laboratories improves from a two sigma standard deviation of ~60 ppm to ~40 ppm, when omitting the results for laboratories 6 and 10. There is some justification to look at the results like this, as laboratory 6 reported problems with the Fe solution that they used for the seawater analyses from BATS. As outlined above, Fe solution can be a significant source of blank, and this blank can only be neglected for small abundance samples when isotopically characterized as done by Laboratory 2 (see Table 1a ). Laboratory 10 reports replicate values for each water depth that overlap with each other, and also overlap within error with the average from all laboratories. However, error bars are large due to poor external reproducibility on low concentration standard runs. The same laboratory reports an improved external reproducibility of 18 to 37 ppm on 100 ppb standard solution. It is Nd ratios were normalized using the reported standard data for each lab, relative to a JNd i value of 0.512115 Tanaka et al. (2000) or a La Jolla value of 0.511858 (Lugmair et al., 1983) . † " Nd values were calculated relative to a CHUR of 0.512638 (Jacobsen and Wasserburg, 1980 important to note that not all laboratories chose to run their isotopic standards at the same concentrations as the samples (see notes in the caption of Table 2 ). In detail, Laboratories 7 and 9 report results on significantly higher concentrated standards. In the case of Laboratory 9, ion beam intensity however was controlled at a level similar to the one obtained during sample runs. Laboratory 13 reports a much larger reproducibility on the unknown standard than for their in-house standard (76 versus 25-35 ppm; Tables 2 and 4) for unresolved reasons. Overall, some laboratories may underestimate their external errors by not matching standard and sample concentrations. Many laboratories however yield consistent results between 20 and 40 ppm throughout the intercalibration exercise (see captions of Tables 2-4) . Furthermore, failure to reproduce individual samples within one laboratory could hint at unidentified blank issues affecting the accuracy of results (Laboratory 4; Fig. 2 ). Figure 4 shows the results obtained from six different laboratories on the Nd isotopic composition of marine particulate matter collected at three different locations in the Atlantic Ocean, using two different pumping systems. Following the discussion above on seawater Nd isotope analyses, the different laboratories can be expected to achieve 143 Nd/
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Neodymium isotope intercalibration in marine particles at BATS
144
Nd results that agree within ~60 ppm if two important preconditions are met: (i) the particle composition on each filter was homogenous and reproducible between filters from the same pumping station, and (ii) all laboratories used the same method to either leach particles off the filter, or to perform a total filter and sample digest.
The first point is discussed in more detail in dedicated papers on analyses and sampling of marine particles (Maiti et al. 2012 and Bishop et al. 2012) . The latter point is fulfilled for the particle samples from the shallow water depth at BATS, but violated for the other two intercalibration samples ( Fig. 4 ; Table 5 ). Considering that any particle sample from the ocean is a mixture of biogenic and detrital particles, each of which could have a distinct Nd concentration and isotopic composition and react differently to different chemical leaching/digestion procedures, we would expect to see some dependence on chosen methodology. The actual results are, however, inconclusive. Particles from the shallow water depth at BATS, all leached using the same prescribed methodology following Jeandel et al. (1995) , show an average Nd isotopic composition of -9.3 and agree within 0.5 epsilon units (2s standard deviation of the mean; Fig. 4 , Table 5 ). This result could be interpreted as an excellent agreement for an intercalibration, although statistics are hampered by the small number of data submissions (n = 5). 
Fig. 4. Neodymium isotopic composition of marine particles collected
during the first intercalibration cruise. Results for particle analyses at three different stations: sub-surface water at BATS (top), Virginia continental slope (middle), and deep water at BATS (bottom). Whereas good agreement between different laboratories can be observed for the samples from the shallow water depth at BATS (two sigma standard deviation of 53 ppm), different leaching/digestion methods used as well as outliers in the analyses make the data for the other two stations inconclusive (two sigma standard deviations worse than 100 ppm; Table 5 ). All results represent 15 ng loads for TIMS measurements or runs of 15 ppb solutions for MC-ICP-MS. * 143 Nd/ 144 Nd ratios were normalized using the reported standard data for each lab, relative to a Jndi value of 0.512115 (Tanaka et al., 2000) or a La Jolla value of 0.5115858 (Lugmair et al., 1983) . † "Nd values were calculated relative to a CHUR of 0.512638 (Jacobsen and Wasserburg, 1980) . Applying however the same leaching method at the slope station (same filter type, same pumping system) yielded results that do not agree within error (Laboratories 6 and 7: Fig. 4, Table 5 ).
van de Flierdt et al. Seawater Nd Isotopes: Intercalibration
Similarly, results from four laboratories for the deep water samples at BATS show excellent agreement (mean Nd isotopic composition of -13.8 ± 0.6) despite the use of different digestion/leaching methods. Two laboratories (numbers 2 and 6) followed the prescribed method for total digestion of particles and filter material described by Cullen and Sherrell (1999) . The method used by Laboratory 8 is not too different (see Landing and Lewis 1991) , but Laboratory 7 carried out a 0.6M HCl leach. Although using the same digestion method as Laboratories 2 and 6, Laboratory 11 reports a Nd isotopic composition for deep water particles that deviates significantly from the other results (e Nd = -15.7 ± 0.3). $ '0.6N HCl leach' follows the method described in Jeandel et al. (1995) ; 'total digest' follows the method described in Cullen and Sherrell (1999) . * 143 Nd/ 144 Nd ratios were normalized relative to a JNdi value of 0.512115 (Tanaka et al., 2000) or a La Jolla value of 0.511858 (Lugmair et al., 1983) . † " Nd values were calculated relative to a CHUR of 0.512638 (Jacobsen and Wasserburg, 1980) . ‡ external errors are derived from repeat standard analyses during the measurement session; if internal errors are larger than external errors, these are plotted in Figure 4. concentrations were reported by lab 16 as follows: BATS, 30m: 65.16 pg/L (corrected for dipped blank); slope: 104.83 pg/L (dipped blank correction for this sample was >200%); for details an external errors on [Nd] methodology see Tables 1b, 6 and 7 b 0.005M hydroxylamine hydrochloride in 1.5% acetic acid plus 2nM EDTA solution at pH of 3.5; leached for 3.5hrs on hotplate (90°C) with ultrasonification every hour. $ Nd concentration are corrected for dipped blanks for labs 2, 6, and 8, but not for labs 7, 10, and 11 (no measurements reported on dipped blanks); additional Nd a total digest using a mixture of HCl/HNO3 and traces of HF (following Landing and Lewis 1991). Table 5 .
van de Flierdt et al. Intercalibration of Seawater Nd Isotopes 245
At the moment, we can only speculate on the reasons for the inconsistent results reported above, which go along with variable total particle Nd concentrations as well as variable calculated Nd concentrations per pumped amount of seawater (Table 5) . Possible explanations include heterogeneous particle distributions on the filters, differences between the filters from individual pumps, or contamination either during sampling, drying, and cutting on the ship, or during processing in the laboratory.
Due to the difficulties with interpreting Nd concentration and isotope data, we refrain at this point from reporting full REE patterns, which were submitted by three laboratories (Laboratories 10, 16, 17) .
Rare earth element concentrations in seawater at BATS
Figures 5a and 5b and Table 6 summarize the results for seawater REE concentrations from the two intercalibration samples collected from BATS, analyzed by seven laboratories with significantly different experience levels.
Average REE patterns from all participating laboratories (1, 3, 5, 8, 10, 16, 17) , except Laboratory 17 (see discussion below), show agreement within 12% for deep water at BATS and 15% for shallow water at BATS (relative 2s SD of the mean = RSD; Table 6 ). Overall, slightly better agreement is observed for the heavy rare earth elements (HREEs), than for the light rare earth elements (LREE), a result typical for REE measurements. The exception from this overall agreement are Ce concentrations, which display a relative two sigma standard deviation of 44% for individual results from deep waters and 23% for results from shallow waters. A potential reason for this large spread in Ce concentrations reported by different labs are significantly higher blank levels for Ce than for other REEs (4% to 10%). Those laboratories who measured and reported blanks on their REE concentrations found a shale-like REE pattern, implying larger blank contributions to LREE than HREE.
The best fit to the mean REE pattern is observed for Laboratory 3, which reports all REE except La and Ce within 2% RSD. This is not surprising as this laboratory used a mixed REE spike consisting of nine individual REE isotopes. Hence isotope dilution calculations could be performed all along the REE spectrum and not just for one or two isotopes as done by Table 6 ). (a) REE concentrations normalized to hypothetical seawater of the following composition: ). (b) REE concentrations normalized to PAAS (Post Archean Australian shale; Nance and Taylor 1976). n=10; n=9, n=18, n=12 . Errors are given as two sigma standard deviations of replicate analyses. Lab 2: Processed a subsample of the spiked large volume sample for Sm and Nd concentrations (see Table 1 ). Lab 3: Reported an external two sigma reproducibility of 3% for Ce, and <2% for all other REE (n=5; in-house standard). Lab 5: Note that sample KN193-6-Nd-513 was processed with a different method compared to the other samples (see Table 1b ). Lab 6: Processed a subsample of the spiked large volume sample for Nd concentrations (see Table 1 ). Estimates a reproducibility of 0.5% of repeat Nd concentration measurements. Lab 9: Reported value represents the average of three measurements with its two sigma standard deviation. External reproducibility for Nd concentrations is reported as 0.1 ppt based on repeated mixed standard-spike analyses. Lab 10: Reports a relative standard deviation on in house seawater standard measurements of 5% for LREE and 0.7% for HREE (n=6). Lab 11: Reported value represents the average of seven measurements. The external two sigma standard deviation is reported as 0.142. Lab 12: Processed the spiked large volume sample for Nd concentrations at the same time as measuring the isotopic compositon (see Table 1 ). External error based on 5 repeat BCR analyses: 5.6%. Lab 16: Reported an external reproducibility of 8.8% for Ce, 4.8% for Eu and <3.6% for all other REE based on repeat in-house seawater standard measurements (n=29). Lab 17: Reports a two sigma standard deviation on trace metal data of 10% based on repeated runs of rock standard AGV-1. For details on methods, see Tables 1b and 6 . Average values are calculated from the mean values for all three laboratories. Table 7 .
all other laboratories (Table 1b) . A similarly good result is however obtained by Laboratory 10, for the deep water samples where results agree within 3% RSD with the average values. Laboratories 1, 5, and 16 show deviations from the average within 6% to 8% for both water depths, and Laboratory 8 is just outside this margin with agreements within 10% to 13% (RSDs cited include all REE but Ce). How good is the observed agreement? Taking into account that most individual laboratories quote external errors for their methodologies well below 10%, it might be expected that an agreement within 10% should be possible. The observed agreement is not far from this number, and data returns on an unknown REE standard solution sent to the individual laboratories did not yield an improved agreement over natural samples (Table 7 ; Fig. 6 ). The last statement is based on comparison of results from Laboratories 1 and 8, which show an agreement within 10% for most REE, and 16% for all REE (relative 2s SD).
REE concentrations reported by Lab 17 (not shown in Fig.  5 ) are significantly lower than results obtained by other laboratories (~30% to 70%). Looking into the detail of the methodology applied by this laboratory (Table 1b) , a number of factors could be responsible for this offset. First, the laboratory did not spike their concentration samples, which means that imperfect yields and fractionation of REE during preconcentration and ion chromatography cannot be corrected for. Second, the laboratory used the REE cut from their Nd isotope chemistry to determine REE concentrations, which again stresses that sample recovery up to this point had to be assumed (i.e., 100% yield). Finally, calculations of REE contents were based on the assumption that the starting sample volume was 10 L, without, however, determining the exact weight before Fe coprecipitation. Shipboard sampling easily introduces an error of 10% on this assumption, as no efforts were undertaken to collect exact sample volumes. The most likely explanation for the deviation of Laboratory 17 from the average result is therefore a combination of unaccounted sample loss, and an erroneous assumption on sample volume. It is notable that the laboratory significantly improved their methodology for the analysis of the unknown standard. However, the deviation from the average of the two other laboratories is still 11% to 22%. Further improvement can probably be achieved through close exchange with one of the other laboratories and improved spike calibration.
A better statistical database for evaluating reproducibility of individual REE concentrations can be achieved when considering Nd concentrations only. Besides the seven laboratories that reported full REE pattern for seawater at BATS, three additional laboratories spiked their large volume isotope samples to determine Nd concentrations (Laboratories 2, 6, 12), and two other laboratory (9 and 11) obtained separate 0.25 to 0.5 L aliquots for Nd concentration measurements (Table 6) . Results for Nd concentrations from all 11 laboratories (omitting Laboratory 17) are shown in Fig. 7 for the two intercalibration water depths at BATS. Shallow waters yield a Nd concentration of 2.0 ± 0.2 ng/kg, and deep waters are slightly more concentrated at 2.5 ± 0.2 ng/kg. Errors are absolute two sigma standard deviations from the mean of all data, which translate to 9% and 7% RSD, respectively. This result confirms that a 10% envelope is probably the best agreement currently possible for REE analyses between different laboratories.
van de Flierdt et al.
Seawater Nd Isotopes: Intercalibration reported by three laboratories on a pure REE standard solution that was mixed to roughly match seawater concentrations. The standard was sent around with the information that concentrations for Ce are approximately 10 ppm, and that dilutions for analyses should be carried out accordingly. Laboratories 1 and 8 show good agreement, whereas laboratory 17 (not shown in Fig. 5 ) deviates significantly from the average value.
Fig. 7.
Dissolved neodymium concentrations at BATS. Neodymium concentrations were not only analyzed by the laboratories interested in REE concentration analyses, but also by some laboratories that are primarily interested in Nd isotopic compositions. Eleven laboratories (omitting laboratory 17) show an agreement of Nd concentrations for two different water samples within 9%, reflecting the precision currently possible on REE concentration measurements. Error bars reflect external errors (not reported by every laboratory; see Table 6 ). The average value and its two sigma standard deviation have been calculated from the mean values for each laboratory in order to not weigh the average toward results from laboratories that report larger amounts of individual analyses. For comparison, Table 6 shows the statistics when calculating the average from all individual data points reported.
